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My overlap with Mike Creutz

In 1986, | was in the last year of graduate course@U. of Tokyo.
| attended Lat’'86@BNL at my own expense. During
the meeting, | handed my preprint to Mike and

others. No arXiv existed. Tex was just appearing
but not used.

Later | applied several postdoc positions including

BNL. No email, of course.

In January, 1987, | got a call in my apartment from Mike, offering a pos-doc
position@BNL. | accepted it without hesitation. | started my 1st postdoc, in
October, 1987 at BNL.

On the first day@BNL, | asked Mike “What should | do as your post-doc 7 °

He answered “Whatever you would like to do.”

Even though | have appreciated Mike's generosity, | had regretted for a long time
that | had never collaborated with him in research.

Recently, this situation changes.



This work has been done in collaboration with Mike Creutz.

base on
S.A and M. Creutz, PRL 112(2014) 141603 (arXiv:1402.1837 [hep-lat])


http://www.google.co.jp/imgres?client=firefox-a&hs=oO9&sa=X&rls=org.mozilla%3Aja-JP-mac%3Aofficial&hl=ja&biw=1059&bih=569&tbm=isch&tbnid=mt22Em2qiI_I6M%3A&imgrefurl=http%3A%2F%2Fpersonensuche.dastelefonbuch.de%2FNamen%2FCreutz%2FMichael.html&docid=UuodPDKsvsDCuM&imgurl=https%3A%2F%2Flh5.googleusercontent.com%2F-sZ8w8p3ETJM%2FAAAAAAAAAAI%2FAAAAAAAAAFA%2FyvobsJuMjKY%2Fphoto.jpg&w=512&h=512&ei=DeDXUvjlJ4n4lAXmuIHQAw&zoom=1&ved=0CGkQhBwwBg&iact=rc&dur=3660&page=1&start=0&ndsp=10

1. Introduction

1
3272

f term in QCD i0 P E L (2) Fop(x) = i0q(x) CP odd

\ 4

Neutron Electric Dipole Moment(NEDM)

Experimental bound

dy| < 6.3 x107%%¢ - em # 0 = 0qcp + Opw < O(107°)
Model estimate

S Strong CP problem |
d,|/0 ~1071° ~ 107 7e - cm

One possible “solution” m, = 0 massless up quark

(Lattice QCD already ruled out this ?)
chiral rotation

u — 6@@75 ZQ"75

u, U -—uc ) if m,, = 0, we can make
My, TU — My, Ue2Y5 1 0 =0

0 — 0 =0+ 2aN ¢  chiral anomaly by a = 21%]“




Mike Creutz, “Quark masses, the Dashen phase, and gauge field topology”
arXiv:1306.1245[hep-lat]

| Mike’s Oracles |

myg > 0 fixed, then

1. Nothing special happens at m, = 0.

2. Massless neutral pion: m. o =0 at m, =2 m. < 0 .

critical quark mass

3. Pion condensation (Dashen phase): (7Y) # 0 at m, < m. < 0.

4. x = oo at m, = me. 1

Y = V<Q2> topological susceptibility

5. x =0at m, =0. ?

In this talk, | show the above properties by ChPT including the anomaly effect.
In addition, we discuss an interesting prediction related to these in 2-flavor QCD.



ChPT with “anomaly”

2
L = f?tr (8,U0*UT) — %tr (MU +UTM) — % (det U + det UT)

effect of anomaly

Note: large N argument by Witten (fundamental rep. for quarks)

A

= f ¢ 2
5 (detU +detU") * (logdet U)
N=3 quark *

fundamental ?

In the large N Iimit

Z2-index anti-symmetric ?

. . A _ c
For simplicity, we use §(det U+detU")  but check results with N(log det U)?



[Warm-up: Ny=1 casej

. 9 QB 2 “o__" "
naive guess Mpg = F‘m()' + om No massless “pion”(eta)

2
Mpg

om




correct behavior U = Uy = e'Y° vacuum ansatz m = 2Bmy

_ 0 +A >0
V(po) = —(m+A)cospo # Yy = { - Z+A<O
potential .
minimum
1
U(z) = Uye'™®)/ 1 I L = 5 Lm(z)0Hm(x) — (m+ A)Ugcos (m(z)/ f)
PS meson field = % [(8,m(:z;))2 + ‘m;A‘w(xf] + O(r*)

2 _ im + A
# mPS o f2

m = 0 i1s note special

non-symmetric under m — —m

massless PS meson at m = —A

m = 2Bmg




2. Phase structure and pion masses at N _f=2

my 0 moy 0 — — oo e'%s O
o= (e 0 Ym0 ) v o= t=en (7 )
mass term vacuum
() = %tl’(Uo + U = 2 cos(go) cos(g3), (Yisy) = 2%.tr(Uo — U§) = 2sin(po) cos(yps),
VEV (W) = %tr 73Uy + Ul) = —2sin(ipo) sin(gs), (ivsTy) = Q%tr 7 (Uo — UJ) = 2cos(po) sin(p3).
potential V(eo,p3) = —mycos(po+ p3) —mgcos(po — ¢3) — Acos(2¢p).
oV . . .
a—% — My Sln(SOO + 903) + My SID(QO() — 903) —+ 2 SlIl(QgOQ) =0
I oV _ .
9on My, Sin(po + @3) — mgsin(pg — ¢3) = 0.
Y3

gap equations
sin g = sin 3 = 0 is a trivial solution



Non-trivial Solutions

0<myg <A
: (mg — my)?{(my + mg)*A% —m2m? _ n
sin(p3) = A m, < m, <m,
. My + ma)*A% — mymy Dashen phase
SIHQ(SOO) — ( d) 2 d7 p
4mumdA
A < my
. (ma — mu)*{(mu +ma)*A* — mimg —mg < my, <mT
sin(is) - = Am3m} T e
2A2 _ 02 2
sin?(pp) = (M + ma)”A MM Dashen phase
4mumdA2
1 O . 92 . 92 ' _ —
Uy = :|:<O _1>, ( sin“(ps3) =sin“(pg) =1 ). My, < —M,
mqA
mf = a < 0,

_A:I:md



(m°) # 0

Dashen phase

could be an artifact of

A
Up =1

Dashen phase |
<7TO> ?é O] — |

det U term



PS meson masses

o (@) n(z) — mo(x)
V2
2 1 om
L = amx))? + (@un(2))* + 20um ()07 (2)} + G (@)
m—(p)
+ 4f2 {77 ) + w5 (z) + 2my (z)m_ () } — 2f2 n(z)mo(x),(26)
' o — 1) MIXING
m2, = m;;f) charged pion _
# mx Ty
2 1 S : :
mz == 57 imy (F) +0m — X]| neutral pion
1 S
m; = 272 Im4 (@) +dm + X] eta meson X = /m_(@)2 + om?,
m+ (@) = mgcos(pg — p3) £ my cos(wo + ©3)
= m4 cos(po) cos(ps) + me sin(po) sin(gs).
om = 2Acos(2pg). Mma = mg & My,



4+ 4A2

Mg — My 20
2f27 _ 2 . -
—F s 22~ 2f2
i 1 ] \/ :
m_ — 2N , 1 A 2
F mﬁ.o 2f2 m-|_ —I_
1 - 2
m2 — |my +2A + 4/ m~
L 272 | 1
1
T _o —
9 T my My, + My
mﬂ':l: = _ﬁ_ 2f2 9 -
1 [ — .
0 m?ro = 2f2 —m+—|—2A—\/m_—|—4A_
2 ! _—m +2A—}—\/m2—|—4A2
T e
-1k
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4+ 4A2
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3. Topological susceptibility and massless up quark

(anomalous) WT identities

2M,,

=P = [dr @) = 5 [ @)

2

9 va
Q(x) — 16?@4‘ 6G,LL1/(CU)GO<,8($)7

topological charge density

Y = o0 at mo =0 and m,, # 0

Y =0at mo#0and m, =0



Anomalous WT identities in N_f=2 ChPT

WT identities (6:50(y)) = 6D (z—y)(80(y))

0,5 = i0(z) |0"A,(z) + tr (MU (z) = MTU(2)} — A{det U(z) — det UT(x)}} ,

2N¢q(x): topological charge density

Au(z) = fr{U'(2)0,U(z) — U3 U (z)}
AQ

2Nrx = e *z ({det U(z) — det UT(x)} {det U(y) — det UT(y)}>
A 2

effect of contact term — A

4A%m (P)
2Ny = -— — — — + A.
= d m? (@) — m% (@) + 2m.y (F)om




My, = 0 # my(F) = m_(g) = mg and dm = 2A

-5 .

AA?*m
Npx = = 4mdAd +A=0

1 X_ X
4 _ +

71'0_() » /d B 2X<m% +m%> r OO
o n

a4 )

# 2N¢x — —o00, mz, — 0




4. An Iinteresting application

My = —Mg = —M My = Mg =M
=0 0=m
chiral rotations
—171 O i -3
MI( 0 m Vi = T = Vi M’:ngsz(

ChPT analysis

(90:(93:7'('/4,




VEV

() + (iys)? = 4

(0, m? > 4A?
Rt S 1{ (irysth) = 2sin g cos @3 5
1, 2A=m i2\/1—%, m? < 4A2
cosy =« 2%, —2A <m < 2A # (2, 2A < m
| -1, m<—2A (1)) = 2 cos pg cos 3 %, —2A <m <2A
T\ -2, m<—2A
- ()
V P (Wivs)
4
q
.
.
.
4
4
.
' 4
',' _QA QA
'l
' 4
> This phase disappears in
/ _.- Witten's "anomaly” |term.
k“‘ | - =
- 30 | Spontaneous CP violation !

(eta condensation)



massless

.

PS meson masses

1
—Q‘m‘a

22

m? > 4A?

2A
#2

—2A

’

r 1
1 4A2%2 —m? 5 |
4NA?
\ 2f2 A ’ mes
2 2
mﬂ'o Y mﬂ'j:
2
m77
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1 m? . . L
m2 = How can we get this from WT-identities 7

T 2f2 A

({0" A7, + murr* (U = U)}(2)O(y)) = (6"O(y))

taking O = tr 73(U" — U) and integrating over x

m/d4:p tr3(UT = U)(z) tr 2 (UT — U)(y)) = =2(tr(U + U")(y))

2¢/2 = 4 cos g
= —i—— c0s (o Ty ()
f
cos? g
# m f2 /d4aj<7ro( ) — COS # m — f2 COS Vg

1 _
m?2 2A

r N o

>  mm
» My = £2 2N one m form WTI, the other m from VEV.
. J




5. Conclusions

Using ChPT with anomaly effect, we show

1. m, = 0 is nothing special if mq # 0. (no symmetry)

_ 1 — _
2. At my =mz,—m_ #0, m o = 0.
rooted Staggered quark

0 (o +
3. (M) £ 0at m_ (—m_ ) < my, <m]. Dashen phase " reproduce this.

4. x = 00 at m, = me.

5. x =0 at m, = 0. # a solution to strong CP problem

‘ Mike’s Oracles are confirmed by ChPT. ‘

New predictions for 2-flavor QCD with m, = mg and 6 =«

1. Spontaneous CP violation : (n) # 0

2. Non-standard PCAC relation: m? mg



| thank Mike a lot for his many contributions to our lattice community.

| wish Mike has fruitful and enjoyable life,
and sometimes visit me in Kyoto !



